INTRODUCTION
The Förster Resonance Energy Transfer (FRET) method for studying interaction of molecules located at distances 10 nm or less was first described over 50 years ago (Lankiewicz et al., 1997) . FRET can be used as a quantitative light microscopy method allowing detection of close molecular interactions in living cells, which are beyond optical light resolution (Sun et al., 2011; Shrestha et al., 2015) . It has wide application in modern science in biomedical research and drug discovery when studying protein interaction and conformation changes in cells (Li et al., 2006) . The principle of FRET is energy transfer between an excited fluorophore (donor) and another closely situated fluorophore (acceptor), which can be excited with emission spectra of the donor fluorophore (Chen et al., 2003) . Protein or protein domain proximity can be measured and physical interactions analysed using a fluorophore pair bound to the proteins of interest, e.g., Cyan Fluorescent Protein (CFP) as a donor fluorophore bound to one protein domain and Yellow Fluorescent Protein (YFP) bound to another protein or domain as an acceptor, which can become excited from the emission spectra of the donor (Periasamy et al., 2008) .
The FRET method requires precise identification of the correct setup for the experiments, measurements and data interpretation. The so called "cross talk" is a common artefact in FRET, whereby either acceptor can be directly excited from the wavelength used to excite the donor fluorophore or when the donor's emitted light contributes to the readout of the acceptor's emission measurement (Lee et al., 2005) . Berney and Danuser (2003) , using a glass coverslip-adsorbed fluorophores, found that the donor/acceptor fluorescence intensity ratio (R DA ) is important for correct FRET measurement. R DA 1-20 has been found to give the most accurate FRET eff values, while for R DA 20 the efficiency tends to zero and for R DA plain 1 the efficiency reaches a plateau where changes in R DA have minor effect on the FRET eff . Moreover, for correct assessment of distance between the acceptor and donor, it is important to take into account the geometric factor c 2 , which characterises the orientation of the donor dipole relative to the acceptor dipole (Lakowicz, 1999) . In our study, we aimed to assess the dependence of FRET eff quality on R DA in living cells in vitro, not in situ.
FRET microscopy set-ups for studying two separate molecule interaction are more challenging than in experiments with single molecules labelled with both donor and acceptor fluorophores. Particularly, this may be because of difficulties to reach similar donor and acceptor-labelled molecule ratios in the cells. In this methodological study, we chose the well-characterised Calcium Release-Activated Channel (CRAC), consisting of ORAI1 and STIM1 subunits, as a model for studying two separate molecule FRET settings and output in a widefield fluorescence microscope FRET system. Store-operated calcium channels (SOC), including CRAC, are major pathways for calcium signalling and serve many functions in cells and tissues -gene expression, secretion, and immune response (Berridge et al., 2003) . STIM proteins are located in endoplasmic reticulum (ER), being Ca 2+ sensors, and, after activation by depletion of ER Ca 2+ store, approach ORAI proteins situated in the plasma membrane and form an ion channel (Gudlur et al., 2013) . These ion channels have an important role in human immune cells (T cells, mast cells, NK cells, B cells) (Feske et al., 2010) .
The aim of this study was to identify the most optimal conditions for studying two separate molecule interaction using a wide-field dual-detector FRET system and to characterise the quantitative parameters influencing the FRET data quality.
MATERIALS AND METHODS
DNA constructs. The DNA constructs used in this study were kindly donated by Prof. Christoph Romanin (Johannes Kepler University Linz, Institute of Biophysics, Austria) and had been described previously (Muik et al., 2008) . Briefly, the constructs contained the following proteins and coupled fluorophores: 1) STIM1-CFP; 2) CFP-STIM1; 3) YFP-ORAI1; 4) CFP-YFP; 5) CFP; 6) YFP. The plasmid constructs were used for expression of the corresponding proteins, which form CRAC ion channels, as was detected by FRET.
Cell culturing and treatment. HEK 293 cell line was cultured using DMEM with High Glucose supplemented with 10% FCS, glutamine (2 mM), penicillin, and streptomycin (all from Thermo Scientific, USA Förster Resonance Energy Transfer (FRET) Fluorescence Microscopy. An Eclipse Ti-U wide-field fluorescence microscope (Nikon, Japan) connected to two iXon Ultra EMCCD monochrome cameras (Andor, UK) and a dual port adapter (dichroic, FF509-FDi01-25x36; cyan emission filter, FF01-475/28; yellow emission filter, FF01-550/49-25; Semrock, USA) was used for recording fluorescence images. The wavelengths were selected by filters FF01-427/10-25 (CFP excitation spectrum) and FF01-504/12-25 (YFP excitation spectrum) (Semrock, USA) mounted in a fluorescent light source Lambda DG-4 (Sutter Instrument, USA). NIS Elements software (Nikon, Japan) was used to acquire images, calculate FRET (sensitized emission method) and to control the FRET system. Illumination times of about 200-300 ms were used for acquiring images. Before acquiring images with full fluorescence intensity, the cells were positioned and focused using neutral density (ND) filters 4 and 8 (total density 32) to minimise the fluorophore bleaching. The cells were positioned and focused for 3-5 seconds using ND filters before full intensity light image acquisition was done. Before the corrected FRET image (FRET eff ) was calculated, calibration with the single fluorophore control sample images was performed with NIS Elements software to correct calculations for cross-talk and cross-excitation. The FRET eff was calculated after background subtraction. Exposure time and approach of data analysis varied through experiments in order to optimise FRET data quality.
Statistical analysis.
Comparison of means between different groups was performed using mainly one-way ANOVA. Brown-Forsythe and Bartlett's tests were applied to determine whether the collected data had Gaussian distributions. Unequal SD comparison of medians between different groups was performed with the Mann-Whitney test (Fig. 1 In the next experimental setting with ND filters ( Fig. 2A) (Fig. 2B ). An example for different quality cell images and the corresponding FRET eff pixel distribution is illustrated in Figure  3 .
Positive and negative controls were also introduced. Fig. 4 ).
When analysing dependence of FRET eff value on CFP/YFP ratio, the following correlation was observed: positive control CFP-YFP, p = 0.0004 (Fig. 5A ), STIM1-CFP + YFP-ORAI1 + TG, p = 0.021 (Fig. 5D ) and STIM1-CFP + YFP-ORAI1 -TG, p = 0.014 (Fig. 5E ) demonstrate significant correlation between CFP/YFP ratio and the FRET eff levels. Negative (CFP + YFP, Figure 5B ) and CFP-STIM1 + YFP-ORAI1 (Fig. 5C ) controls do not express correlation with CFP/YFP ratio. We assessed the effect of quality group on FRET eff artefacts. Positive control showed no significant differences between groups (Fig. 5F ). In the negative control (CFP + YFP, Fig. 5G 
DISCUSSION
In order to optimise the FRET protocol for studying two separate molecule interactions in a setting of wide-field fluorescence microscope and two Andor EMCCD cameras, we performed experiments using different experimental approaches. First, we performed an experiment with maximum fluorescence illumination during the whole process. During the next experiments, we used minimised fluorescence illumination intensity during the cell localisation and focusing stage but full intensity during the image capturing. We also introduced data sorting according to the FRET signal quality estimation. Lastly, we analysed the dependence of FRET values on fluorescence intensity ratio of CFP and YFP fluorophores and on data quality. Cells transfected with STIM-CFP + YFP-ORAI1 were used as the sample were FRET is expected, and cells transfected with CFP-STIM + YFP-ORAI1 as a control sample, since the N part of STIM1 is located inside ER lumen and cannot interact with YFP that is coupled to ORAI1. Both cell samples were treated with 2 uM TG to induce ER calcium store depletion, which induces clustering of ER membrane-bound STIM1 and plasmatic membrane-bound ORAI1.
In the first setting (Fig. 1) , using full fluorescence intensity during both focusing and measurement, the obtained FRET values were very low, although there were still significant differences between the control and FRET-forming sample.
Although the values were low, which can be explained by bleaching of reagents when focusing the cells with full fluorescence intensity before measurement, the FRET sample STIM1-CFP + YFP-ORAI1 w. TG had most cells (60%) with relatively high FRET eff while the control sample had only 10% of the cells in this FRET range.
In the next experimental setting, two neutral density filters, ND4 and ND8 (total effect 32× less light throughput), were used during positioning and focusing of the cells. The time spent for positioning and focusing the cells was minimised to 3-5 seconds. As a result, we obtained considerably higher FRET eff values due to more intact fluorophores ( Fig.  2A) . However, we observed that the FRET eff values had a broad distribution and CFP-STIM1 + YFP-ORAI1 with TG sample gave high FRET eff values not expected from a control sample. Therefore, we decided to sort the FRET eff values according to distribution of FRET eff pixels. According to Muik et al. (Muik et al., 2008) , the frequency distribution of FRET eff pixels must conform to a Gaussian distribution to be considered good quality measurements. As conformity to Gaussian distribution curve is arbitrary, we provide examples of quality classes in Figure 3 .
We noticed that generally cells with good FRET eff Gaussian distribution had a high contrast image in both channels, with low background and relatively high fluorescence intensity (Fig. 3) . After sorting out FRET measurements not conforming to a Gaussian distribution, there was a more clear difference between control and FRET samples (Fig. 2B) .
Next, in a set of three independent experiments, we introduced additional plasmids encoding either CFP and YFP linked by a peptide or CFP and YFP expressed as separate proteins (Fig. 4) . These served as positive and negative controls, respectively, since linked CFP and YFP always result in a FRET effect, while cells transfected with free-floating CFP and YFP should not result in FRET, since the fluorophores are generally more distant that 10 nm. As a result, we obtained the minimal FRET value as a reference for absence of FRET and the maximal FRET value for constant FRET (Fig. 4) . The FRET-forming STIM1-CFP + YFP-ORAI1 samples showed increased FRET eff levels in both TG non-stimulated and TG-stimulated samples (Fig. 4) . We see that the cells not stimulated with TG also expressed high FRET eff values. This might have happened due to ER calcium depletion driven by other factors than TG: e.g., receptor signals or biochemical signals (Hawkins et al., 2010) .
To understand the factors influencing FRET eff values, we analysed the dependence of FRET eff on fluorescence intensity ratio of CFP and YFP fluorophores (Fig. 5 , A-E) and on quality of the FRET eff pixel conformity to a Gaussian distribution (Fig. 5, F-J ). The quality group 0 included only FRET eff values made by pixels with Gaussian distribution. Quality group 1 had a relatively poorer Gaussian distribution of FRET eff pixels than group 0. Quality group 2 contained FRET eff pixels showing clearly disturbed Gaussian distribution (see example of group 0, 1 and 2 curves in Figure 3) .
According to the results, there is an obvious dependence of FRET eff value on CFP/YFP ratio (Fig. 5, A-E) . Naturally, we do not see this correlation in negative (CFP + YFP, Fig.  5B ) and CFP-STIM1 + YFP-ORAI1 (Fig. 5C ) controls since these samples had only a very low, basal FRET eff sig-nal which can be considered as a negative control for the experiment in both cases.
A higher donor/acceptor fluorophore ratio resulted in lower FRET eff . This observation was consistent with the study of C. Berney and G. Danuser (Berney and Danuser, 2003) that also showed decrease of FRET eff values with higher CFP/YFP ratio in cells. Higher FRET eff in lower CFP/YFP samples might be explained by higher content of acceptor (YFP) fluorophore, which can thus give higher FRET signal due to higher expression of the acceptor fluorophore itself. The discrepancies due to correlation between donor/acceptor ratio and FRET eff may be avoided by filtering the results and using data from only cells expressing a certain donor/acceptor fluorophore ratio.
Regarding FRET eff values in different quality groups (Fig.  5 , F-J), we clearly see an increase in FRET eff levels in the worst quality group 2. In the negative control CFP + YFP, we see dramatic artefact FRET eff value in the quality group 2 compared to quality group 1 and 0 (Fig. 5G) . A similar result was observed in another control sample, CFP-STIM1 + YFP-ORAI1 (Fig. 5H) . In STIM1-CFP + YFP-ORAI1 samples with TG ( Fig. 5I ) and without TG (Fig. 5J ), FRET eff in quality group 2 was twice as high as in group 0 and 1. We did not observe significant differences between quality group 0 and 1 FRET eff values, meaning that slight disturbance in the FRET eff pixel intensity Gaussian distribution curve is tolerable while a poor quality pixel distribution (Fig. 3 ) causes very significant artefacts by increasing FRET eff values.
Interestingly, we did not observe significant increase in the positive control sample (CFP-YFP, Fig. 5F ). The reason for this may be that the FRET eff signal had already reached its upper limit. CONCLUSIONS 1. Optimal conditions for FRET experiments using a widefield fluorescence microscope require use of ND filters during the preparation of cells for the FRET measurement in order to avoid photo-bleaching.
2. The donor/acceptor fluorescence intensity ratio can considerably influence FRET eff levels. The fluorophore ratio must be taken into account when interpreting FRET results. The most correct approach would be to choose only cells expressing certain donor/acceptor fluorescence intensity ratios for the analysis.
3. FRET eff pixel frequencies not conforming to Gaussian distribution cause artefacts of elevated FRET eff values. However, slight deviation from Gaussian distribution is tolerable.
